Collodaria are ubiquitous and abundant marine radiolarian (Rhizaria) protists. They occur as either large colonies or solitary specimens, and, unlike most radiolarians, some taxa lack silicified structures. Collodarians are known to play an important role in oceanic food webs as both active predators and hosts of symbiotic microalgae, yet very little is known about their diversity and evolution. Taxonomic delineation of collodarians is challenging and only a few species have been genetically characterized. Here we investigated collodarian diversity using phylogenetic analyses of both nuclear small (18S) and large (28S) subunits of the ribosomal DNA, including 124 new sequences from 75 collodarians sampled worldwide. The resulting molecular phylogeny was compared to morphology-based classification. Our analyses distinguished the monophyletic clade of skeleton-less and spicule-bearing Sphaerozoidae from the sister clades Collosphaeridae (skeleton-bearing) and Collophidiidae (skeleton-less), while the Thalassicollidae was not retrieved as a monophyletic clade. Detailed morphological examination with electron microscopy combined with molecular analyses revealed many discrepancies, such as a mix between solitary and colonial species, co-existence of skeleton-less and skeleton-bearing specimens within the Collosphaeridae, as well as complex intraspecific variability in silicified structures. Such observations challenge a morphology-based classification and highlight the pertinence of an integrative taxonomic approach to study collodarian diversity.
Introduction
Radiolaria is a lineage of marine planktonic protists that appeared in the early Paleozoic and belongs to the supergroup Rhizaria (Adl et al. 2005; Nikolaev et al. 2004) . Radiolarians are classified in five taxonomic orders, mainly distinguished by the morphology and composition of their mineral skeletons: strontium sulphate in Acantharia, silica in Taxopodida and in the polycystine Collodaria, Nassellaria and Spumellaria (Suzuki and Aita 2011). While many previous studies have investigated the past diversity and paleo-environmental signatures of radiolarians through their fossil record, less is known about the diversity and ecology of extant polycystines in marine ecosystems.
Collodarians are widespread in the oceans, exhibiting high abundances in calm and oligotrophic surface waters (Swanberg 1979) . High densities of collodarian colonies have been reported in the Gulf of Aden (16,000 -20,000 colonies per m 3 ; Khmeleva 1967) and in the North Pacific Ocean (up to 30 colonies per m 3 ; Dennett et al. 2002) . In situ observations and culture experiments have described collodarians as active predators feeding on a broad range of prey (e.g. copepods, ciliates, phytoplankton or bacteria; Anderson 1978; Swanberg and Caron 1991), therefore contributing significantly to oceanic food webs. In addition to their heterotrophic behaviour, all known colonial collodarians harbour hundreds of endosymbiotic microalgae (Hollande and Enjumet 1953) , in most cases the dinoflagellate Brandtodinium nutricula (Probert et al. 2014 ). This makes collodarians significant contributors to primary production in oligotrophic surface waters (Michaels et al. 1995; Swanberg and Harbison 1980) . The mixotrophic behaviour of collodarians, coupled with their wide distribution and abundance, emphasizes the ecological and biogeochemical significance of these uncultivated protists in oceanic waters (Anderson 1983; Dennett et al. 2002; Michaels et al. 1995) . However, because of inadequate sampling and preservation procedures, they have often been neglected in environmental surveys and their ecological importance has very likely been underestimated.
Most Collodaria form colonies comprising tens to hundreds of individual radiolarian cells (i.e. central capsules) embedded in a gelatinous matrix that ranges from a few millimetres up to 3 meters long (Swanberg 1979) . Large solitary species (i.e. one single radiolarian cell) of several millimetres have also been described within the Collodaria. Some species build a shell-like skeleton around their central capsule while others have siliceous spicules, similar to those in sponges, in the matrix and some lack mineral structures altogether. Taxonomically, collodarians have been grouped into three families based essentially on the presence or absence of colonial forms. The family Thalassicollidae is composed exclusively of solitary species that are classified based on the position of alveoli surrounding the central capsule or on the structure of the spicules (Anderson et al. 2002) . The Collosphaeridae contains only colonial skeletonbearing collodarians. As the siliceous shells of collodarians are preserved in sediments over large geological periods of time, micropaleontologists have described living and fossil species according to different features of the skeleton (shape and size; number and size of pores; position, size and number of openings; Strelkov and Reshetnyak 1971) . The family Sphaerozoidae includes skeleton-less and spicule-bearing colonial taxa. For the latter, spicule shape (size, number of radiate spines, presence of appendages) and positions are taxonomically informative characters (Brandt 1885; Haeckel 1887; Popofsky 1920) . For the skeletonless collodarians, taxonomic identification is more complex and transmitted light microscopy provides only very limited morphological information for their identification (Brandt 1885; Haeckel 1887). Swanberg (1979) noticed that the shapes of the colonies were not species-specific, but highlighted a set of morphological features (e.g. distribution of alveoli, gelatinous textures) that could potentially help in their identification. Fine structural analysis with transmission electron microscopy later allowed the separation of two skeleton-less colonial genera, Collophidium and Collozoum, within the Sphaerozoidae based on the shape of their central capsules and the density of cytoplasmic vacuoles (Anderson et al. 1999) .
In light of the difficulty of achieving accurate morphological identification in uncultured protists, phylogenetic analyses with ribosomal genes have been shown to be valuable tools not only to assess the diversity and evolutionary patterns among these organisms, but also to define new taxonomic frameworks and identify life stages (Bachy et al. 2012; Decelle et al. 2012 Decelle et al. , 2013 . For collodarians, phylogenetic studies based on the 18S rRNA gene have demonstrated that they form a distinct monophyletic group, included in the paraphyletic Nassellaria, and do not belong to the order Spumellaria as previously suggested (de Wever et al. 2001; Krabberød et al. 2011; Kunitomo et al. 2006) . At the family level, the Collosphaeridae, Sphaerozoidae and Thalassicollidae form separate monophyletic clades, but their phylogenetic relationships remain unclear (Kunitomo et al. 2006; Zettler et al. 1999) . Currently, with only 6 reference sequences, the family Thalassicollidae (i.e. the solitary species) constitutes the earliest diverging clade in most phylogenies (Ishitani et al. 2012; Krabberød et al. 2011; Kunitomo et al. 2006; Polet et al. 2004; Yuasa et al. 2005) . The phylogenetic position of the Thalassicollidae and analyses of their nuclei led to the hypothesis that solitary cells represent the ancestral form for Collodaria (Suzuki et al. 2009 ). Recently, Ishitani et al. (2012 proposed a new phylogenetic scheme for the Collodaria, with a clade composed of sequences affiliated to the genus Collophidium and the informal proposition (International Code of Zoological Nomenclature rules were not respected) of a fourth collodarian family, the Collophidae. Yet, with only two sequences and weak support values, the robustness of this family remains to be assessed.
With only a few reference ribosomal sequences (22 18S rDNA and 2 28S rDNA sequences) available in GenBank (as of July 2014) relationships between collodarian families, genera and species that typically lack informative morphological characters, are still poorly resolved. In addition to clarifying these relationships, sequencing morphologically identified specimens collected in the environment will contribute to the construction of a robust reference database of barcodes that will represent a powerful new tool to explore the ecology of collodarians at large spatio-temporal scales through metabarcoding approaches. The objective of the present study was to better understand the molecular diversity of Collodaria and the phylogenetic relationships between its taxa, by integrating morphological and molecular information.
Results

Molecular Phylogenies of Collodarian Families
A total of 75 collodarian specimens encompassing the four families, Sphaerozoidae, Collosphaeridae, Collophidiidae (formally described herein from the previously proposed Collophidae) and Thalassicollidae, were isolated from worldwide locations. All but nine of these specimens were colonial (Supplementary Material Fig. S1 and Table S1 ). From these specimens, 62 partial 18S rDNA and 62 partial 28S rDNA (D1-D2 regions) sequences were obtained (Supplementary Material Table S1 ). Phylogenetic analyses based on the concatenated dataset revealed 3 distinct clades, of which clades A and B, consisting of 18 and 11 sequences respectively, were the most closely related (Fig. 1) . The third clade (clade C) contained most of the sequences (n = 46) and was basal to the other clades. Morphological identification of the analysed individuals showed that these monophyletic clades corresponded to three collodarian families: all skeleton-bearing (i.e. Collosphaeridae) occurred in clade A, the skeleton-less Collophidiidae grouped within clade B, while members of the Sphaerozoidae formed clade C. The fourth family of solitary Thalassicollidae was not retrieved as a monophyletic clade.
Within Collosphaeridae (Fig. 2) , 18 novel and 3 previously available sequences revealed 6 distinct clades (A1 to A6) supported with moderate to high support values. Maximum values of ML bootstrap (BS) and posterior probability (PP) showed strong phylogenetic relationships between clades A4, A5 and A6, while weak support values suggested uncertain phylogenetic placement of clades A1, A2 and A3. The family Collophidiidae gathered 11 new and two reference sequences. Two clades (B1 and B2) contained 9 of the sequences whereas the other sequences could not be assigned to a specific clade. Both clades were supported with high support values but the phylogenetic relationships between them were not resolved. The Sphaerozoidae contained 46 new and 8 publicly available sequences distributed in 11 clades (C1 to C11). Most of the clades were highly supported except for clades C2, C3 and C7 that had weak support, and clade C8 that was not supported at all. Phylogenetic relationships between these clades remain unclear.
Integrative Taxonomy of Collodaria
Based on morphological observations performed with light microscopy (LM) and Scanning Electron Microscopy (SEM) images, the Collosphaeridae mainly included skeleton-bearing specimens easily assigned to different genera according to the overall morphology of their shells: Disolenia, Collosphaera and Siphonosphaera (Figs 1 and 2 ). The Disolenia species had a polygonal shell with large irregular polygonal openings, 2 to 9 in number ( Fig. 2A-G ). All Collosphaera species had a crumpled sphere-like shell with polygonal to rounded pores (Fig. 2H, I ). Siphonosphaera shells were mostly spherical with characteristic tubular projections pointing outwards (Fig. 2J) . The molecular classification broadly matched morphological identifications, these three genera clearly belonging to different clades in the phylogenetic analyses ( Fig. 1) . However, these analyses also highlighted several discrepancies between molecular and morphology-based classifications. In 5 of the colonial specimens from clades A1, A2 and A5, no shells were observed in either LM or SEM images (Supplementary Material Fig. S1 ). Specifically, in clades A2 and A5 these skeleton-less forms were mixed with skeleton-bearing specimens and two of them (Pac 12 and Pac 17) were even genetically similar to one skeleton-bearing species (Sat 12). For some skeleton-bearing specimens, several shell morphotypes were found among genetically identical specimens or even within a single specimen. For instance, in specimens Sat 17 ( Fig. 2B ) and Sat 21 ( Fig. 2D -D"), both identified as Disolenia tenuissima, two and three shell morphotypes coexisted, respectively. Finally, one specimen (Pac 3), a solitary Thalassicollidae morphologically identified as Thalassicolla melacapsa, was genetically placed among the 17 other Collosphaeridae specimens, which were exclusively colonial specimens.
In Collophidiidae (Fig. 1 ), all 10 colonial specimens were morphologically identified as belonging to the genus Collophidium (Supplementary Material Fig. S1 ). Clade B1 included an assemblage of different morpho-species while clade B2 was only composed of a single morphologically identified species (C. serpentinum). As for the Collosphaeridae, colonial and solitary specimens were mixed within a single clade. For instance, clade B1 included the solitary Procyttarium prototypus, that formally belong to the Thalassicollidae, and which was genetically identical to two colonial Collophidium. Regardless of this mix between colonial and solitary species, the Collophidiidae contained only naked specimens.
Seven genera from both solitary and colonial forms were represented in the Sphaerozoidae: the colonial Collozoum, Rhaphidozoum and Sphaerozoum, and the solitary Procyttarium, Thalassicolla, Thalassosphaera and Thalassophysa ( Fig. 1 and Supplementary Material Fig. S1 ). The skeletonless genus Collozoum was highly polyphyletic as it was represented in clades C7, C8, C10 and C11. Although it was not supported, Clade C6 consistently gathered only the species Collozoum inerme. The clade was composed of a core of 5 sequences, supported with high support values, and 5 other sequences having a strong affinity for this core group. Several different morphologies (cell size, shape and organisation within the colony) were distinguished between clades, but affiliation to known species was unclear. The specimens forming clades C1-C6 and C9 were mainly spicule-bearing Sphaerozoidae (Fig. 3) . Cell shrinkage caused by ethanol preservation disrupted the arrangement of spicules inside the colony leading to challenging taxonomical identification based on LM observation (Supplementary Material Fig. S1 ). The two C9 specimens representing the species Rhaphidozoum acuferum had clearly identifiable needle-like spicules (Fig. 3A,  B ), but the relation between clade C9 and other spicule-bearing clades was unclear. Clades C1-C6 contained the other spicule-bearing specimens, all belonging to the genus Sphaerozoum, recognizable by their double tri-radiate spicules ( Fig. 3C-K) . Based on SEM images, detailed examination of all specimens in clade C6 (identified as S. punctatum) revealed numerous small spicules and a few larger ones (Fig. 3H, H' ). Differences in spicule structure was also observed in other Sphaerozoum species and ranged from a more complex spinose pattern to the appearance of a fourth radiate axis (Supplementary Material Fig S2) . As for the two other families, while 39 specimens of the Sphaerozoidae were colonial, clades C3, C6, C10 and C11 also included solitary species from the Thalassicollidae ( Fig. 1 and Supplementary Material Fig. S1 ).
Environmental Diversity of Collodaria
To evaluate the robustness of the coverage of our taxonomic sampling, the 92 environmental sequences affiliated to Collodaria and currently available in GenBank (July 2014) (Supplementary  Material Table S2 ) were placed in the phylogenetic tree composed of our reference sequences (Fig. 4) . The majority of environmental sequences (91%) grouped within clade B (Collophidiidae). More detailed placements mapped 1 and 2 sequences ➛ respectively. Black circles indicate bootstrap support and posterior probabilities of 100% and 1.00, respectively. The three main clades, defined based on statistical support and morphological criteria, highlight the Collosphaeridae (A), Collophidiidae (B), Sphaerozoidae (C) families and their respective sub-clades. Morphological criteria are identified on the right for each specimen (dark grey: presence; white: absence): colonial or solitary, naked (lacking any silicified structure), spicule-bearing (one bar: simple spicules; two bars: radiate spicules) or skeleton-bearing. Reference sequences from GenBank are shown in bold. Six Nassellaria sequences were assembled as out-group (AB430759, AF382824, DQ386169, FJ032682, FJ032683, HQ651779). Branches with a double barred symbol are reduced to half-length for clarity.
into clades B1 and B2, respectively. A majority of sequences (81) could not be precisely assigned to any known clade of Collophidiidae. Collosphaeridae represented 6.5% of the environmental sequences (3 in clade A5, 1 in A1, and 2 not precisely assigned). The last family, Sphaerozoidae, only included one environmental sequence affiliated to clade C8.
Discussion
Morpho-molecular Classification and Evolution of Collodaria
The morpho-molecular approach used in this study provides new insights into collodarian diversity and challenges the traditional classification and hypotheses on the evolutionary history of the group. From our phylogenetic analysis we recovered the monophyly of three of the four collodarian families (Collosphaeridae, Collophidiidae and Sphaerozoidae), while members of the polyphyletic Thalassicollidae were scattered throughout the tree (Fig. 1) . The Thalassicollidae was historically created to group solitary specimens, but the co-occurrence we observed between solitary taxa and colonial species highlights a major discrepancy between molecular and morphological classification, and questions the validity of this character as a reliable taxonomic marker. Previous studies supported a phylogenetic separation of solitary and colonial species (Polet et al. 2004; Zettler et al. 1999 ), yet none of our solitary specimens, nor any environmental sequences, clustered with the previously described Thalassicollidae clade (data not shown). In addition, careful analysis of the DNA sequences of the Thalassicollidae reveals that the distinction and monophyly of this clade was essentially based on large ambiguous regions in the 18S rRNA gene (see Methods section). Although we cannot precisely determine their origin, these ambiguous regions may correspond to pseudogenes, which have been identified in some marine protists and are generally highly divergent from native ribosomal sequences (Santos et al. 2003; Thornhill et al. 2007 ). The inconsistency of the Thalassicollidae family in our analyses questions its basal position in the Collodaria and highlights the need to reconsider the hypothetical evolutionary history stating that Collodaria evolved from solitary Thalassicollidae to colonial Sphaerozoidae and then to skeleton-bearing colonial Collosphaeridae (Suzuki et al. 2009 ).
In our analyses, colonial and solitary specimens were genetically close or even identical in each of the three families, suggesting that they represent the same taxonomic entity and could be two distinct phases of the same life cycle. Knowledge about the life cycle in Collodaria is very limited and relies mainly on old studies. Several solitary forms have already been associated to colonial species (e.g. Thalassophysa sanguinolenta and Collozoum pelagicum) (Brandt 1902) . This association was later supported with phylogenetic analyses of both solitary and colonial forms (Polet et al. 2004; Zettler et al. 1999) . Investigating reproductive mechanisms in Collodaria, Hollande and Enjumet (1953) pointed out the ability of solitary specimens to create "proto-colonies" through the simple budding of the cell. The release of flagellate swarmers was also observed in both colonial and solitary collodarian species (Anderson 1976 (Anderson , 1978 Hollande and Enjumet 1953) , but the fate of these swarmers remains unknown to date.
The phylogenetic position of the Collophidiidae (clade B) as a sister-clade of the Collosphaeridae (clade A) is congruent with a previous phylogenetic study (Ishitani et al. 2012 ). The phylogenetic analyses clearly discriminate the Collophidiidae from the other skeleton-less family (i.e. Sphaerozoidae) as shown in Figure 1 . The colonial genus Collophidium, originally included in the Sphaerozoidae, showed major ultrastructural and molecular differences with the genus Collozoum (Anderson et al. 1999; Zettler et al. 1999 Collodarian shells have been suggested to have originated from the fusion of spicules in a spiculebearing ancestor (Anderson and Swanberg 1981; Strelkov and Reshetnyak 1971) . This hypothesis was later rejected because of the absence of congruent fossil records to link Sphaerozoidae and Collosphaeridae (Bjørklund and Goll 1979). In our morpho-molecular analyses, there is a clear separation between all skeleton-bearing (Collosphaeridae) and all spicule-bearing specimens (Sphaerozoidae) (Fig. 1) . This suggests that skeleton-bearing and spicule-bearing collodarians have co-diversified and that the skeleton is not a derived character. Our results also rule out the possibility of the presence of both spicules and a shell during the life cycle of collodarians.
(A) Disolenia quadrata (Sat 12). (B) Disolenia tenuissima (Sat 17). (C) D. tenuissima (Sat 19). (D-D") D. tenuissima (Sat 21). (E) Disolenia zanguebarica (Sat 20). (F) D. zanguebarica (Sat 26). (G) D. zanguebarica (Sat 27). (H) Collosphaera tuberosa (Ind 44). (I) C. tuberosa (Ind 48). (J)
The Need for an Integrative Taxonomic Approach
In the present analyses, the monophyletic Sphaerozoidae ( Fig. 1) contains three genera, Collozoum, Sphaerozoum and Rhaphidozoum, which is congruent with the traditional taxonomical scheme (Anderson 1976; Strelkov and Reshetnyak 1971) . The high polyphyly of the genus Collozoum, which is distributed in clades C7, C8, C10 and C11, suggests that specific morphological characters need to be revised (Fig. 1) . The name Collozoum inerme has often been used as generic species name for nearly all skeleton-less collodarians, although in Haeckel's descriptions (1862) it is characterized by the presence of an oil-like droplet in the central capsule of the cell. In our specimens, such a structure was only found for members of clade C8, subsequently identified as Collozoum inerme. Specimens found in clade C7 and C10 presented distinct morphological features compared to clade C8, having more algal symbionts, a transparent layer around the endoplasm and spherical collodarian cells. Whether these morphological features are taxonomically reliable characters, implying that they are "fixed" during the life cycle and in different environmental conditions, remains to be determined.
In the Collosphaeridae, the co-existence of both skeleton-less and skeleton-bearing specimens occurred in two clades (Fig. 1) . We were unable to identify the skeleton-less stages following the taxonomical scheme for Collosphaeridae. Haeckel (1862) first pointed out the absence of a skeleton in many colonies and the existence of skeleton-less cells during the early developmental stages of Collosphaeridae, which was later confirmed through culture attempts (Anderson and Gupta 1998; Anderson and Swanberg 1981) . Since the traditional taxonomical scheme to identify Collosphaeridae is based on skeleton morphology, Anderson and Swanberg (1981) mentioned the impossibility to identify such cells in early stages of skeletal development. The existence of skeleton-less cells within a skeleton-bearing clade challenges morphological identification and emphasizes the requirement for novel morphological characters as well as molecular tools for accurate identification of different life stages.
In both Collosphaeridae and Sphaerozoidae, detailed morphological examinations revealed intraspecific variability in silicified structures (i.e. shell and spicules) (Figs 2 and 3, and Supplementary Material Fig. S2 ). Several shell morphotypes were found among genetically identical specimens or even within a single specimen (i.e. Disolenia tenuissima) (Fig. 2B-D" ). Originally described with one or two, and occasionally three large openings (Hilmers 1906) , D. tenuissima exhibited variations in shell pores that have been previously reported for other skeleton-bearing collodarians, and likely explained by the ontogeny of the silicified structure (Anderson and Swanberg 1981). These observations challenge Haeckel's classification based on shell features, as the existence of different morphotypes leads to uncertain taxonomic identification. As for the Collosphaeridae, several spicule-bearing Sphaerozoidae exhibited intraspecific variability of their spicules. The morphological taxonomic criteria classically used to discriminate between Sphaerozoum species include spinose patterns, arrangement and number of spicules, and the development state of an oil-like droplet inside each cell (Anderson 1983) . The co-existence of small and rare larger spicules has already been reported within colonies of S. punctatum and S. fuscum (Brandt 1881; Popofsky 1920). Whereas differences in spicule thickness can be explained by ontogeny (Brandt 1881), the range of variability in spicules encountered (different sizes or shapes) suggests more complex processes. Fusion between colonies, likely of the same species, is regularly observed (Hollande and Enjumet 1953; pers. observ.), but it is not clear whether these physical associations are temporary during the life cycle, or represent reproductive mechanisms, predatory relationships, or simply an experimental artefact (Hollande and Enjumet 1953; Huth 1913; Swanberg 1979) . Therefore, we cannot exclude the possibility that a mix of shells or spicules within one specimen could be the consequence of such fusion, potentially blurring morphology-based taxonomic identifications.
Insights into the Diversity of Collodaria in the Environment
The present morpho-molecular framework for Collodaria allowed a more accurate taxonomic placement of sequences derived from environmental molecular diversity surveys available in public databases (Fig. 4 and Supplementary Material Table S2 ). Environmental sequences belonged to the three families highlighted previously (i.e. Collosphaeridae, Collophidiidae, Sphaerozoidae). Wheras most of the environmental sequences belonged to the Collophidiidae, the most represented family in our study was the Sphaerozoidae. This discrepancy could be explained by the fact that all specimens used in the present study were collected in surface waters and that most environmental sequences come from the entire water column in the Cariaco Basin, a very unusual ecosystem, or from deep samples (Edgcomb et al. 2011; Jungbluth et al. 2013; Sauvadet et al. 2010 ; Supplementary Material Table S2 ). Consequently, our sampling strategy could have introduced a bias against Collophidiidae, or other specific taxa, if they have marked ecological preferences impacting their distribution. A recent global environmental diversity survey based on metabarcodes of the V9 region of the 18S rRNA gene highlighted very high abundance, diversity and distribution of collodarian reads in the world oceans but could not identify the distribution of specific taxa (de Vargas et al. in press) . Together with appropriate contextual data, the present morpho-molecular database sets the basis for a better understanding of the phylogeography and ecology of individual collodarian taxa. Definition: Colonial Collodaria with a variable overall appearance of elongate, cylindrical, spherical form. Each colony comprises delicate gelatinous material encompassing scattered algal symbionts and string-like aggregations. A string-like aggregation consists of tens to a hundred collodarian cells in firm gelatinous material. This string-like aggregation ranges from several millimetres to several centimetres in length and approximate 0.5 mm in width. Algal symbionts are always distributed throughout fragile gelatinous material but not in string-like aggregations. The number of algal symbionts in a colony is variable. Each collodarian cell displays opaque inner protoplasm with surrounding transparent protoplasm. Both opaque inner and surrounding transparent protoplasm are defined as the endocapsulum. The outer transparent protoplasm consists of a layer of vacuoles whereas the inner opaque protoplasm contains organelles such as Golgi, nucleus, and mitochondria.
Taxonomic Appendix
Remarks: A molecular phylogenetic study performed by Ishitani et al. (2012) informally reported the separation of Collophidium at the family level. Here we formally established the family Collophidiidae following the rules of the International Code of Zoological Nomenclature (ICZN 1999).
Methods
Sample collection: Plankton samples were collected in the bay of Villefranche-sur-Mer (France, 43
• 41 10 N, 7
• 18 50 E) using a Regent net (680 m mesh size), off Sesoko Island, Okinawa (Japan, 26
• 37 20 N, 127
• 52 15 E) by net tows (20 and 150 m mesh sizes) and during the TARA Oceans expedition using a Bongo net (180 m mesh size) or a hand net (Supplementary Material Table S1 ). Specimens were immediately handpicked individually from the plankton samples with autoclaved micropipettes, transferred into clean beakers filled with 0.2-1 m filtered seawater and incubated at 18
• C. After 3-4 hours the specimens had self-cleaned and were transferred individually into clean containers filled with 0.2 m filtered seawater. Images were then taken under a binocular microscope or an inverted microscope for higher magnification pictures. Each specimen was finally rinsed three times in 0.2 m filtered seawater to avoid contamination and transferred into 1.5 ml Eppendorf tubes containing 50-150 l absolute ethanol or 50 l of Guanidine Isothiocyanate (GITC). Isolated specimens were stored at -20
• C until DNA extraction. Each isolated specimen was identified based on morphological criteria and images were compared to the original monographs. Tentative affiliations to known species were carried out following the original descriptions of Brandt (1885), Haeckel (1887), Popofsky (1920), Strelkov and Reshetnyak (1971) . Detailed information ➛ Figure 4 . pplacer phylogenetic placement of 92 environmental sequences onto a concatenated phylogenetic tree of Collodaria (complete 18S + partial 28S rRNA genes). Number of sequences affiliated to a clade (node) or sub-clade (branch) is shown inside green circles. DNA extraction, amplification and sequencing: Genomic DNA from ethanol fixed specimens was extracted using the MasterPure Complete DNA Purification kit (Epicentre) following the manufacturers instructions. For GITC fixed specimens, extraction was performed as described in Decelle et al. (2012) . Each specimen was extracted individually in an autoclaved microtube to avoid cross-contamination between samples. Pellet debris from DNA extraction were eluted in milliQ water to recover collodarian skeletons and spicules, and subsequently stored at -20
• C. Complete Small SubUnit (18S-SSU) and partial (D1 -D2 regions) Large SubUnit (28S-LSU) of the rDNA were amplified using Collodaria-specific primers (Table 1 ). The sets of primers SA/S81col and S32col/V9R amplify the first 1500 positions and last 1200 positions of the complete 18S rRNA gene, respectively. The set of primers 28S Col-F/ITSa3 Col amplifies 640 positions of the D1-D2 regions of the 28S rRNA gene. PCR reaction mix contained 8.75 l of sterile water, 1 l of each primer (10 M concentration), 0.75 l dimethyl sulfoxide (DMSO), 12.5 l of the Phusion® High-Fidelity PCR Master Mix (Finnzymes) and 1 l of DNA template, in a 25 l final volume. PCR amplification conditions were: 30 s initial denaturation at 98
• C followed by 35 cycles of 10 s denaturation at 98
• C, 30 s of annealing at 53-58
• C according to the primers set, 72
• C for 30 s elongation and a 10 min final elongation step at 72
• C. All PCR amplifications were conducted in a PCR workstation, using autoclaved microtubes and molecular grade water. Amplified products were visualized on a 1.5% agarose gel stained with ethidium bromide. Successfully amplified products were sent for sequencing at the GENOSCOPE (France). Sequencing was also performed locally on an ABI-PRISM 3100 Genetic Analyzer using the ABI BigDye Terminator v3.1 kit (Applied Biosystems) after a step of purification using the NucleoSpin Gel and PCR Clean-up kit (Macherey Nagel) following the manufacturer's instructions.
Phylogenetic analyses: Sequence quality was carefully checked on the chromatograms using the 4Peaks software. The forward and reverse fragments were then assembled using Seaview version 4.4.2. (Gouy et al. 2010 ) and the presence of chimeras was verified using the online Key DNA Tools (http://keydnatools.com/). All valid sequences were then compared to reference sequences using the BLAST tool and similar sequences identified on GenBank were integrated into our 18S and 28S databases. Careful examination of the Thalassicollidae 18S rDNA reference sequences AF057741, AF057742, AF057743, AF057744, AF018160 and AY266297 revealed two ambiguous regions in all of them, located at positions 59-274 base pairs (bp) and 599-819 bp, totally different (0% identity) from all other collodarian sequences (except themselves) and from any other sequence published in GenBank. When removing these ambiguous regions from our alignment, these 5 sequences formed a clade where none of our single-cell sequences, neither any environmental sequences were retrieved (data not shown). These ambiguous 18S rDNA sequences were therefore removed from the subsequent phylogenetic analyses. According to previous studies, six nassellarian sequences (AB430759, AF382824, DQ386169, FJ032682, FJ032683, HQ651779) were used as outgroup (Krabberød et al. 2011) . For each dataset, 18S (78 taxa; 1744 positions) and 28S (75 taxa; 666 positions), sequences were aligned using MAFFT version 7.213 (Kuraku et al. 2013 ) and ambiguous positions were manually removed. After the removal of ambiguous positions, 18S and 28S dataset included 1311 and 307 positions, respectively. Prior to phylogenetic analyses, the Perl script MrAIC 1. 4.3 (Nylander 2004) in combination with PHYML v2.4.4 (Guindon and Gascuel 2003) was used to choose the best model of sequence evolution by the Akaike Information Criterion (AIC). Phylogenetic analyses were performed (as described below) independently on each gene marker (18S and 28S rDNA) and obtained topologies were compared in order to make sure that no paralogy issues exist and the two genes can be concatenated. As suggested in Decelle et al. 2012 or Krabberød et al. 2011 , concatenation of both 18S and 28S rRNA genes in radiolarians phylogenies increase the phylogenetic resolution. Both 18S rDNA and 28S rDNA alignments were therefore concatenated using Sequence Matrix version 1.7.8. (Vaidya et al. 2011) . Applying the obtained settings (GTR + model) a Bayesian Inference (BI) method and a Maximum Likelihood (ML) method (Felsenstein 1981) were used to infer phylogeny. With the MrBayes program (Huelsenbeck and Ronquist 2001), two independent analyses were performed at the same time with four simultaneous chains (one cold and three heated) ran for 10 million generations, and sampled every 1000 generations. After discarded 2000 of the initial trees as burn-in, the consensus tree with the corresponding posterior probabilities was calculated for each data set. The ML method was implemented with the PhyML v3.0 software (Guindon et al. 2010 ) and the reliability of internal branches was assessed using the bootstrap method with 100 replicates (Felsenstein 1985) . In parallel, another Bayesian analysis was performed using the PhyloBayes software (Lartillot et al. 2009) , in order to test the CAT-GTR model of sequences evolution (Lartillot and Philippe 2004) , allowing heterogeneity across sites and which has been shown to potentially improve phylogenetic inference (Tsagkogeorga et al. 2009 ). This latter approach did not significantly improve the final topology and phylogenetic analyses inferred using the GTR + model of sequences evolution were used. Bootstrap supports (BS) and posterior probabilities (PP) were associated to each node in the Bayesian topology. Final tree was visualized and edited in Fig Tree v 1.4 .0. (Rambaut 2010). All sequences generated in the present study have been deposited in the GenBank database under accession numbers KR058196-KR058319. All alignments used in this study can be found online in the RENKAN database at http://renkan.sb-roscoff.fr.
Environmental diversity of Collodaria: For each family, closely related environmental 18S rDNA sequences available in GenBank (July 2014) were selected using BLAST in order to infer the environmental genetic diversity of Collodaria (Supplementary Material Table S2 ). Positions of these environmental sequences in our reference phylogenetic tree were determined using the pplacer software (Matsen et al. 2010) as earlier described in Decelle et al. (2012) .
Scanning electron microscopy (SEM) observation: Eluted pellet debris containing collodarian skeletons or spicules recovered after DNA extractions were vortex mixed and sorted using an inverted microscope. Several skeletons and spicules were handpicked for each specimen and finally transferred into 0.2 ml Eppendorf tubes containing 50 l hydrogen peroxide. Each tube was heated at 70
• C for 10 min to remove residual organic matter. Several clean skeletons or spicules were then handpicked and placed on 0.2 m pore-size polycarbonate membrane filters, dried and stuck on SEM pin stub mounts. Filters were imaged with an FEI Phenom tabletop SEM (FEI Technologies).
